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ABSTRACT

Proton deuterium polarization transfer in magic angle spinning
polycrystalline solids in investigated, Conditions are derived under
which cross polarization isbpossible. It is shown that standard Hartman-

Hahn cross polarization works well if the quadrupolar coupling constant

wg is not too large. For large wg a modification will be presented that

" makes the polarization transfer more effective. These techniques are

- applied to a sample of partially deuterated p-dimethox&benzene that con-

tains rigid aromatic and mobil aliphatic deuterium sites.



I. INTRODUCTION

Coherence transfer in the rotating frame found widespread
application to enhance the sensitiviity of rare nuclei,[l-S].v The
relatively strong proﬁon magnetization is spin locked in ghe rotating
frame and brought in contact with the rare ﬁuclei, The poldrization
transfer is induced by étatic heteronuclear dipolar interactions.

In magic angle spinning solids, however; all dipolar couplings
oscillate. But Séhaefer and Waugh [4,5] demonstrated that proton-carbon
cross polarization is not quenched under magic angle spinning as long
as the sample rotation frequency does not exceed the width of the local
dipolar field., It would be attractive to use ﬁhe same technique to
enhance the sénsitivity of deuterium in magic angle spinﬁing solid.

Magic angle spinning high resolution deutefium NMR offers the
indirect detection of proton chemical shifts without the applicatioﬁ of
multi-pulse techniques [6-9]. Deuterium has a 6.5 times lower gyromagnetic
ratio than proton and substantial sensitiyity gain can be expected from
cross polarization in partially deuterated samples. Howevér, for deuterium
as a spin 1 nuclei with a quadrupolar interaction, raﬁid magic angle spinning
complicates the polarization transfer. The deutefium spins under rf
irradiation in the rotating frame are exposed to tﬁo orthogonai fields;
the constant Zeeman field created by the rf and the electrical gradient ;
fiéld, which is rapidly modulaﬁed in the z-direction parallel to Bo
by magic angle spinning., Thus, the effective quantization axis in the

rotating frame is rapidly modulated in size and direction by the mechanical



sample rotation, In Figure 1 the deuterium transition freqhencies

~are plotted for one rotor cycle. Strong molulation can be observed

especially when the quadrupolar coupling constant w, is large. It

Q

will be investigated in the following that under these conditions

spin locking is possible thus 1f a polarization transfer takes place the

generated deuterium polarization is not destroyed by sample rotationm.

II. SPIN LOCKING OF DEUTERIUM POLARIZATION UNDER MAGIC ANGLE SPINNING

The effective quantization field of the deuterium spin consist
of two orthogonal components, a constant rf field in the x-y plane
and a rapidly oscillating quadrupole fieldiip the z-direction of Bo'
Cfoss polarization requires that the generated deuterium polarization
can be locked in such a time dependent field. If the rotation frequency
would exceed the quadrupolar coupling, the spin could not follow the

quadrupolar field and just be quantized along the applied rf field.

Since wg= 3 e2qQ can be as large as 100 kHz, this situation cannot be realized
4h

technically. What happens to the deuterium magnetization at lower spinning

fréquencies will be investigated in this paragraph.

The time dependence of the spin density matrix is given by: [10]

p= - -1 H,p] | - (2.1)
where in the rotating frame
w
B Q) (512
=01, + o1 + 57 (317 - 1(1+1)) | 2.2)

and f = w0 (resonance offset)
Only for A = 0 a simple analytical expression can be given [10]. There-
fore, the following calculations are restricted to on resonance irradiation

(4 = 0).



From the equation (2.1) the following set of bloch equations

can be derived [10].
Definitions:
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“i3 = P11 T Py ' (2.3)
U = (u12 + u23)2-3/2
Ve (v, + \723)2"3/2

W= (w12 + Vs +1113)/4

Bloch Equations;

U - wg(B)V = 0 - (2.4)
vV + wQ (t)u + 2w1w =0
W=-2wV=0
1
or in a matrix representation
x = A(t)x
which can be transformed into [11]
$ = (T7tar + 171 g—Z)y - | (2.6)
-1
where Y=T " x T
assuming slow time dependence, we seek the spproximate solution:
| dy 1 |
ey _ o~ '
dc T TAT. _ - 2.7
Eigenvalues of A are
B =372 4 4 (2.8a)
Q 1 :
E2 =0
E3 =3 wg + 4wi

where j = V-1



s

and the diagonalization matrix is:

This yields:

Yy T Yy (0)

(o]

w 2w w

| 9 1 _9Q

2y Y Iy

2 o | i

V2 Ji

Y2y v 2y
where 'Y = (wé + 4 wi )1/2
t

y1° 7 (O)exp(+j[ y(t")dt")

-0

t

From Eq. (2.9) we get:

P
t

L (o}

o

°°S<fdt'7(t'>)-1'

o

(2,8b)

(2.9)



6.

t o
V(t) = -Zle(O) sin([ dt’' Y(_t')) v (2.10)
Y [o]
. ™ t 7
| 4w’ W(0) ' f
W(t) = W) + 1 cos( _dt'Y(t'))—%)
YZ s .

For constant wQ Eq. (2.10) is identical with the result in [10].

The following state is constant in time.
-1 : : :
Y=T "S(0) = Y2(O) (2.11)

We find for S(0) the following solution

2w, \ Y_(0Q)
scoyd ot |2 o W 1
I w (o) q
Q :
S(0) can be considered as spin locked polarization in the effective
quantization field. We define the system behaving adiabatic if S(t) = S(0)
remains a constant of motion, i.e., the spin polarized can follow the time

dependent external field.

Now we add the neglected term of the matrix equation [2.6] and test how
much it changes the first approximated solutionm. The quadrupole coupling
wQ(t) contain terms that oscillate with the one and two-fold spinner frequency wr[lZ]
For simplicity and since we only want to obtain the.upper limit of W where
the spins still can follow the change, the following simple time dependence

of wQ(t) is defined.

w. (t) = wnEos(wt) where w = 2wr : (2.12)

Q Q



The additional term in Eq.
o
T-ldT . 2wle @ sin(wt)
dt ~ 2 "
@ Yo (L)
where
Ay
0 1 0
M= -1 0 -1
0 1 0

Combining this

where

H

(2,6) is;

Jv(t) -v(t) 0
v(t) 0 v(t)
0 ~v(t) -3v(e)

2, 2.1)2

y(t) = (ub(t) + 4w1)

200" sin{wt)
v(t) = 19

v2(t)

The new eigenvalues are

t
[

- 2,1/2
562+ 22 -

.1
3Y

(2.13)

term with Eq. (2.7) yields the new differential equation

(2.15)



With the new diagonalization matrix

1 .
Y+ Y =3V yiy
1 1l
2y Y 2yt
-V Y v
1l 1 1
Y Y Y
1 .
Y-y 3V y+ vt
1 1 1
2y Y 2y

This transformation matrix R can be approximated by R° for v<<y.

P v IV el
2 2
2y Y 2Y
2
v v v
R® = -j— 1-= | +j=—
2
Y ¥ Y
. 2
N + l;)— 1- v__2
2 2y
2Y
20, W w sin(wt)
where Y= 1.0
Y /2

(u)? + Flcos” ()’

Q

(2.16)

(2.17)

(2.18)



2 (o] . , .
1>>war (2.19) the correction matrix R° remains

diagonal and the deuterium magnetization can follow the oscillating electric
field gradient, since then S (t)Z S(o) Eq. (2.11).

Under the conditions that 2w

A3

For example if wi = Swgwr then constant part of the spin locked magnetization

S(o) is at no instant of time reduced by more than 1%. Since w® cannot be

Q

much larger than 100 KHz and w, does not need to be larger than a few kilo-
herz to cover the spectral range of the deuterium chemical shifté, it is

fortunately technically easy to generate a sufficient strong rf field to
fulfill the condition (2.19). '

For the off resonance irradiation modulation of the energy levels
are expected to become smaller. Computer simulation of the deuterium
energy levels during a rotor cycle indicate that under offresonance irradiation
the modulation amplitudes are smaller than in the on resonance case (figure 1).

Consequently, the condition (2.19) represents an upper level.

P
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IIT. CROSS POLARIZATION DYNAMICS

a) General Consideration

In this section we shall discuss some aspects of the cross polarizatien
spin dynamics where most spin interactions are time depended due to the
mechanical sample spinning. The sample which contains NI proton and NS
deuterium spin is placed in a large magnetic field. The high |
field double resonaﬁce Hamiltonian in the laboratory reference frame is then

I S I8 rf

The Hamiltonian HI is defined as

H=H +H,+H._+H (t). (3.1)

H.=H (t) (3.2)

1 T Hpp + Hgg(t) +

II

where HZI = moIIZ represents the Zeeman Hamiltonian HCI is the proton chemical
shift Hamiltonian which will be neglected since it is too small, and'HII
deécribes the magnetic interactions between I spins.

The deuterium spin Hemiltonian is

Hg = Hyo + Hog(t) + Hog(t) + HSQ(t) (3.3)

where the first three terms have the same meaning as in Eq. (3.2). We
neglect HSS becausé the deuterium spins are diluted and their magnetic moment
is smaller than that of the protons. The fourth term describes the quadrupolar
interactions HSQ(t) = SQ%EL'(3S§ - s(s+1)), [12]. ' | (3.4)
If different chemical shifts in HCS are present, the spins with
common shifts are considered as a subsystem that is independent to
others.
The Hamiltonian HIS describes the interactions between I and S spin
system. Hrf(t) describes the interactién of the spins with the two applied
rf fields
B = 2wlIIXcos(wIt) + 2w, S, cos(w t) | (3.5)

where I =II, and S_ = IS,
% ix X Jx
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It is advantageous to change the reference frame into the rotating frame

of the effective quantization field.

RTU + .
goo = (RTU)YE(RTU) + @TU)Y RTD) (3.6)
where
.
= iw. It -iw S t
R = R Ry, R I'2°, Bg = e
L] ’ T = e- ‘121' Iy

U is real[ll] and transforms deuterium spin Hamiltonian HSR in its eigenbase.

RT _ . o YQt) ) 102 -
HS' = (ws - wS)Sz + wlSSx + 3 (3Sz - S(8+1) (3.7)
RTU _ ¢t RT

In general it is impossible to give the simple expression for U. Since,
however, the deuterium spin can be described as a three level system and the

Hamiltonian is traceless, it can be written as
RTU €
Hy o = wls + %9 (385-5(541)) | (3.8)
e e . 3 , .
where Wes wQ are in general compllcated expressions.

Thus Eq. (3.6) can be wrltten as

H?TU = w, I + w

o (ns) (ns) (3.9)
171, * wg S, * Q (38 -S(s+1))- 1/2 H + + g(ns)

IS IS
3 II
o

Superscript (ns) means nonsecular and is the truncated Hamiltonian

o + >
HIT =zIa j(.«_)(I 1,-3L, T jz) /2 , (3.10)
i>j
where 5 3 .
alj(t) =Yg ‘ﬁr.. P2(cos(0ij)(t)
H g = Zbljllxsz | (3.11)
B =1/21 [(1, s¥? 41 gl? )s€ (12) (3.12a)
IS ij i + 9 i_ b z
2 3 : -
o +I, s +I,8 )s_ (23)
+ I iJ,
1-3
+(I, s +I,8 18°(13) ]
RN s
where s€ = U+S U
z z
where S =] are single transition operators [13,14], the diagonal parts of H°_ has

18
been omitted since it causes only slight shifts of the energy levels, i.e., the

Hartmann-Hahn condition [1].
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byy () = =2yp¥ghr, TP, (cos, ) (¢)

1]

s®(12) = (u,.u,, - u,.u..) = sSCD ' (3.12b)
z 12%11 T Y32%31 z » ¥
s€(23) = (u,.u,., - u,.u..) = §5(32)

z\ 13%12 T Y33Y32’ T 5,

s®(13) = (u,.u,. - u,.u..) = s5(31)

z 13%11 T Y33Y31 z 7t

Where uij is the matrix element of U of the ith row and the jth

column. The time evolution of the density operator can be described by
equation (2.1) in the tilted rotating frame (RTU). The density
operator can be expanded using projection techniques [15,16].

(k) =PP

() + (1-P) P, (t) (3.13)

pRTU RTU

P=&->—§-’EI + |Sz> <Szl + |SQ> <SQ I‘+ lHII> <H1il_
<Iz, Iz> (s, Sz> <sQ’sQ> <HH, HH>

RTU

based on this projection technique, Shimuzu [15] transformed the Liouville
equation in the following system of linear differential equation. For the

operators contained in P this equation has the form:

t B
0, (t) m o ~ o 0.(")
o { < ) . ~/~dt'tr [[o HIS(t)]s(t,t')[HIS(t!),o.]] éll-;—gz—- (3.14)
j=1 ’ | J tr(OjOj)
, [o] : .
where
<0(t%> = tr [O+QRTU(t):](expectation value) ' (3.15)
and t n
S(t,t') = Texp(—if(l—r)ﬁRTU(r)dr) (3.16)

t!

L
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A

in the zero'th order approximation'[l6j S is replaced by:

N t
5 (£,t") = Texp(-ifHI:TU(T)dT) | (3.17)
t'
RTU |, ‘
_where H is the secular part of eq. (3.9) (3.18)

Even in this approximation the equations are still fofmidable.

: . S N\
Experimental results indicate that the expectation values <<§j(t'3/>in the
integrands of eq. (3.14) change considerably slower than the inverse width
of the dipolar local field or the transverse relaxation time Tc of the

protons. Thus we don't make a large error in assuming the fast correlation

approximation

t t
?/di;'l(t,t') éj(t'> = <)j(t)>/dt I(t,t") (3.19)

(o]

Under all these approximations we get the following equation for the
variation of the deuterium Zeeman and quadrupolar polarization during

the mixing process. (3.20a)

dBg (t) -1 2
Ta . T 7 <AwIS> (310(8) + Tp3lt] + 431 3(6D) B, ()

<A‘°is> (le(t) + J23(t) + 2J13(t))BIZ(t)
2

2 : '
<A‘*’Is> (]p( %, 1 (6) + 237 5(8)) By (t)
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dscslt(t) —-% éwis,‘ ( lg(t) + J23( ))SSQ(t) . (3.201))
1 2
* P <Aw:[S_> (Jl2(t) - J23(t))BIz(t)'
B %' <§9§3 (715(8) = J,5(£))8g, (t)
2 .
- % é‘*’xs (33,(2) = 355(8)) Byy(e)
WHCIQ

) --]—i
<A‘*’Is>‘4 Py
‘ j=1i
<SQ> HII

tr{S } tr{s } tr{H )

The cross contact spectral density functions in Eq. (3.20) bhave the following

structure:

. t : t . . : .
7 ,(t) = SatrsTa) t)-s‘;’a2)(t')cos(t[(w12(r) 5wll) dr )-c(t,t')
t » .
J23(t) fdt S (23) t) S:Q3)(t')cos<£/,‘(w23(1) "*’11) dr )'C(t,t') (3.21)

t - o

(t) -fdt' S (13)‘t)s (3)(t")cos f@B "‘"11) at )'C(t,t') ‘

and

J (t) —_[dc's (iJ)(t)S (i)’ )cos(x» t)-w )dT)C(t t )(wij(t )= uﬁ£>

For sufficiently slow rotation Jij(t) can be approximated by J (t) (w (t) QII
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vhere the correlation function C(t,t!') is:

~

tr| = bij(t)Ii_Soo(t,t ) T bik(t')Ik+
c(t,t")=
tr 2b2 (t)1. 1
ij i=Ti+
where
S (t,t') = T exp(-i s Tatu® (1))
oo’ II

-t'
and the oscillating deuterium transition frequencies in the frame of RTU

Eq. (3.9) are:

s

- ,.C € .
.wlz(t) = ws(t) + wQ(t)
- single quantum frequencies in the. eigenbase of HS
e e
w23(t) ws(t) - mQ(t)
ml3(t) = 2w§(t) . double quantum frequency

. Since the equations 3.20 are still too complicated to be analytically
_ dB B

solved, the equation for I and d II are not given. For low deuterium con-
, dt dt : .
centration (NI>>NS) BIz becomes constant due to the large heat capacity of

the I spins. Further it can be expected that the polarization of the dipolar
bath BII(t) remains small, since in rapidly spinning solids the spin lattice

relaxation time of the dipolar polarization is expected to be short based

on the findings of Poufquié et al., [21].

The three spectral density functions of Eq. (3.21) are caused by the
. o :
three types of single transition operators in HIS in Eq. 3.12. The value of
a spectral density function Jij(t) in Eq. (3.22) is large when the oscillation
frequency u:ij-u;ﬂ;_‘ 0. particularly if the modulation amplitude of wij is small

relatiﬁe'to the width of Jij(t)'

(3.22

(3.23)

(3.24)
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For each of the three spectral demsities Jij(t) an optimal Hartmann-Hahn

condition can be derived:

1. w1I = w12 : (3.25a)
2. Wy = w23 _ (3.25b)
3. Wiy = Wy (3.25¢)

Depending on the particular orientation of the electric field gradient
acting on a Spin S, there is a sweep of the Hartmann-Hahn condition over a
certain spectral range during one rotor cycle. For the setting wlléwlS the
average of wQ(t) is zero thus all spins matcH the condition (3.25) at least
once during a rotor cycle (see time evolution of Wiy and Wy g in Figqyg 1. For

a certain bffset wlI_wls there may be still many spins that métch.the conditions
(3.25) at least once during a.rotor cycle depending on (wQ)max duringispinning.

Thus the oscillating quadrupolar coupling leads to éonsiderable broadened

Hartmann- Hahn matching curves (Figure 2).

Despite the complicatedness of the dynamic equations (3.20) it can
qualitatively be concludéd that in a polycrystalline sample all spins have
nonzero cross relaxation rates due to the modulation of the déuterium trans-
itions (Figu;e 1). Since Jij(r)'s are always positi&e‘(eq. [3.22}), the generation of
quadrupolar polarizat;on BSQ SQ is reduced. If in the time average le(t) = J23(t)
then BSq = 0 and the equilibrium deuterium polarization has the:form

D%q = Bequ in the eigenbasis of the spin hamiltonian eq. (3.7) for Wy = Wig
the value of equilibrium spin temperatures Beq re}ative to the initial amplitude

of B; is given by:



RN
L Rer

¥

=17~

N

_ 1 .o S _S(s+1)
Beq = 5 P1 € N, (D (3.26)
The theoretical maximal sensitivities gain is therefore:
S Y
£ross _'I 1 :
s [3] (3.27)

So0° f£11p s

In the following section we shall discuss two distinct cases: on-resonance

irradiation of deuterium wg-uh=oamd magic angle off—resonance irradiation

w-
atan<;6ls
—w

from tge gxperimental point of view because the generated deuterium magneti-

)= 54.7°., The on-resonance irradiation approach is straightforward

zation lays in the xy plane and yield the optimal free induction signal.
Also the signal can be detected close to resonance without switching the
deuterium carrier frequency, thus small instabilities of the rotor frequence has

minimal impact on the resulting deuterium high resolution spectrum. The
: w
IS
o
W™
will be"completely suppressed for wls>>w

off-resonance cross polarization at atan = 54,7° is insofar attractive

that the quadrupole interaction q q

and the deuterium spins behave like spin I=1/2 nuclei, i.e., the cross polari=-

zation rates in Eq. (3.20) and become time ihdependent.
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IIT b ON-RESONANCE CROSS POLARIZATION

o , . .
For ws—w=0 the Hamiltonian Bpr in Eq. (3.7) can be diagonalized analytically

{13,14]. The diagonalization matrix U in Eq. 3.7 is then:

U= cos8/2 =1 -sing/2
vz W2 VZ
sing/2 0 cosg/2 : : 3.28
cos8/2 1 -sing/2
V2 2 V2
where
2wl (
i = ' : » 3.29
sin6(t) RCS a)
e
‘ wQ(t) . . » :
cosd(t) = we(t) _ _ (3.29b)
_ 2,1/2
we(t) = (wQ(t) + hwls) . | (3.29¢)
. . e e
The eigenfrequencies Wg and wQ defined in Equation 3.8 are now:
e _ 1 , ‘
wg = §me(t) | | | (3.30)
e _ 1
wg = = 5ug(t)
and the off-diagonal elements of SZ in the eigenbase are: Eq. (3.12b)
S, (12)= ~cos8/2 (3.31)

57@23) = sinb/2
e —
SZ(B)— 0.
If the S spins are jirradiated with a strong rf field (w,.> w.(t) ) the
‘IS Q' 'max

eigenfrequency wz approach the constant value w,, but the deuterium single

18

gquantum transition frequencies still are strongly time dependent since w

Q



-]19-

is only reduced by a factor two. As an illustration w12

'and w23 are‘plotted

in Figure lc for wlS >wQ . However, the double quantum frequency w13 becomes

time independent for wIS>>wq. Therefore, the double quantum matching Eq. (3.252)

can be maintéined all the time for w12=wls. Unfortunately, the prefactor
Sez(lé)(c)se(IB)(t') in the double quantum spectral denéity function eq. (3.22)
is exactly zero. Consequently, this process is forbidden by second order
perpurbation and should not give a s;gnificant contribution to. the cross polari-

zation process. For large quadrupolar coupling constants w ax(t)>wL (local dipolar

Qu

field) the spectral density function in the cross polarization Equation 3.20 are

‘zero most of the time, aﬁd a significant slow down of the cross polarization

process is expected, Practically for rigid deuterium sites where wa % 130 kHz,
the upper condition holds true for most parts of a polycrystalline sample.
Thus it is expected that long cross contact times are required to get the

full equilibrium polarization eq. (3.26-27) for rigid deuterium spins.

Even with the knowledge of thé prefactoré (eq; 3.31) in the spectral
density functions in eq. 3.22 it is very difficult to derive the exact time
eﬁolution of the deuterium ﬁolarizatidn (Bsz and BSQ). Furthermore, in a
polycrystalline sample each crystal orientation hﬁs'its own cross polarization
rate.: In the following we restrict ourself to investigating what the
deuteriﬁm polarization is when the system reaches the thermodynamic equili-
brium.

Equation 3,20 shows that the cross polarization rate for BSQ is le(t)'—JZB(t)°

Therefore if in the time average Jiz(t) = J23(t) the equilibrium value of

B =
8Q
in eq. (3.22) are approximated by (Si(ij)(t)s:(ij)(t')+si(ij)(t)) and plotted  (3.33)

0. 1In Figure 3a and c the prefactors of the spectral demsity function

for tow different quadrupolar coupling constants. In the region of the

cfossing points wQ(t) is small and changes sign thus S:(IZ) and S:(23) are symmetric
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and have the same average value, Thus for Wrp = wIS the time average of le(t)

and J13(t) is equai in the region where w,.(t) is small. This is also the

Q |
region when most of the cross polarization takes place., It can therefore be
exﬁected that BSQ remains small under the condition wy g = wlS” Then the

equilibrium density operator has the form

Oeq = Boq(12¥S,) o (3.32)

Beq is given in eq. (3,28a). Thus the proton deuterium cross contact leads to
a pure Zeeman polarization on the deuterium side; however, this happens in the
eigenbase of the spin hamiltonian eq.(3.7). But observed is the polarization

in the rotating frame of the detector frequency Wge The Zeeman polarization

has to be transformed into this frame.

T
SS = SS Us,u = ; (3.333)
z z |
= . 1 2 2 1 .
= Bsz (Slne Sx +vzcosev,(sv+ +87) + -2-cose (3Sz - S_(S+l))
T 1,02 3,2 2
= 2 e e - el 3
SSQ BSQ U SQvU _ ‘2(3Sz S(5+1)) + 7 (S+ + 87). (3.33b)

This equation shows that the population differences in the eigenbase of the Hamiltonian

are a composition of single quantum (Sx), double quantum (Si + SE) and quadrupolar
polarization (BSi—S)S+1)) [{17] depending on the ration wls/wQ.
Under the assumption that the equilibrium polarization is described by eq. (3.32) we

calculated the observed single quantum polarization SSQ = <Sx> relative to the total

deuterium polarization of eq. (32) as a function of the deuterium rf field strength

g for a given wg in a perfect powder (Figure 4). The result is surprising; the
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the portion of single quantum polarization grows very quickly, for wy

it reaches already three quarters of the total polarization.

S = 0.25 w

In a nonspinning solid the situation is different, w. is constant and

Q

only one Harmann-Hahn condition in eq. (3.25) can be matched.

For wlS>wQ under both matching conditions (eq. 3.35) the polarization

2

transfer rates are equal because 82%12) = S:(ZB) = cosz45 (see eq. 3.32 and

3.27). In this case only single quantum polarization is generated. However,

for wlS<wQ the cross polarization rate eq. (3.27) becomes very small under

one condition in 3.26. But under the other condition in 3.25 the cross

polarization rate becomes twice as large as for single quantum polarization

since here S:%IZ) = cosez= 1 and only double quantum polariztion is generated

as outlined below [19]. 1In a nonspinning solid where w. <w. and W40

157°Q Q

s = Bz Sl-2 in the eigenbase of Hg (eq. 3.7) where

-1
S, =7 (5, * 5

backtransformed into the rotating reference frame

-]

Q

(3.36a)

(3.34)

- - =B 1 2 g2y 4 1 - 2_
S = UBS U = i (sinGSx + 4(3+cose)(Sx +57) + 2(cose l)(BSz S(S+1))

and for'wQ>>wls cosf * 1 and only double quantum polarization is generated

| B2, 2
Seq@q™>wg) = § (84 ¥ 80

(3.35)

(3.36)
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ITIc MAGIC ANGLE OFF-RESONANCE CROSS POLARIZATION

It is well known that quantization of spins at a tilted axix (20),
which is inclined by the magic angle 9m=atan/—2 permit the suppression of
certain spin-spin interactions like homonuclear dipolar coupling. This can

be achieved by off resonance irradiation maintaining the following relation

- w _
between rf field amplitude and resonance offset tanem = wl—w = V2. Transformaticn
)

of the deuterium Hamiltonian in .eq. 3.7 into the frame of this effective Zeeman

field we get:

Y =1t H T = 0 S, + fg $(3cos?6-1) (352-5(5+1))
+uy(- 7 sin20(s s+ 5.5 ) + 7 sin’e(s? + 839 | (3.37)
whgre T=e —iesy
“eff = ((wg‘ws)z * wlsz)l/z'

For weff»wQ the last two terms in eq. (3.27) become nonsecular and have

diminishing influence on the time evolution. Thus for weff>>w and 8=6m the

Q

effective deuterium spin Hamiltonian is reduced to

RT®

Hg = W g5,

(3.38)

Under this condition the cross relaxation rates in eq.(3.20) become time
independent and le = J23 and J13 = 0, Thus the deuterium spin behaves like
spin 1/2 nuclei, where it has been shown that cross polarization works well

under rapid magic angle spinning [4,5].

-
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However, for rigid, immobile deuterium sites where u?zl30kHz it is

Q

practically impossible to fulfill the condition wls>>wQ for all orientations

in a powder, rf field strengths of several hundred kHz would be required.
’

In realistic cases w S“w for a substantial part of the rotating powder.

1s 7Q
Unfortunately, in this case it is very difficult to diagonalized the deuterium
spin Hamiltonian and no simple expreséion for the diagonalization matrix

U in eq. (3.7) can be givén. We restrict ourself to present numerical calcu-

lations for selected arbitrary deuterium orientations (angle between the
principal axis of the quadrupole tensor and the rotor axis B = 70°). 1In
Figure 1b the two deuterium frequency wlz(t) and w23(t) are calculated for

. o in i . ) ' ‘
one rotor cycle for wQ 130 kHz, Wyg 34 kHz, B =70 i.e., (wQ max>>wls and

compared to the on resonance case, it is seen that the modulation amplitude is
already distinctly reduced for the setting wy=Wy g = 34 kHz and practically

always one H.H. condition eq. (3, 25) is fulfilled.

In Figure 1d the deuterium frequencies are calculated for w, = 33.1 and

Q

Wig = 34 kHz (wQZwls) for the same orientation B and compared to the

on resonance case. We see that for the on resonance irradiation the deuterium

23 sti1ll strongly oscillate whilst under magic angle

irradiation they become almost time independent. Also of importance are the

frequencies Wy, and w

prefactors(?s(ij)z)of the cross polarization spectral density functions in eq.

(3.22). In Figune(%:(ij)z)are plotted for the time of one rotor éycle.

The same parameters are uséd as for the Figure 1 calculations., Figure 3b and
3a represent the off resonance and on resonance case respectively for

Wem130, wyg = 34, B=70°. We see in 3b that the coefficients for

the single quantum spectral density functions le(t), J23(t) are large in the
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region where wQ=0 (compare with Figure 1), Also remarkable is that the
forbidden double quantum process induced by J13(t) with the prefactor (52(13)2>becomes
detectably large. Thus the double quantum matching (Fig. 3.25c) uﬁl=2w§ leads

to a cross polarization.

Increasing of the ratio wls/wa has the following effect as illustrated
in Figure 3c and 3d. The oscillation amplitudes of the prefactors become
smaller for both cases (on-and off-resonance irradiation). The prefactor

(%:(l3)é> for the double quamtum process is reduced but still detectable at

wlssz. From the reduction of the modulation in Figure 1b, 1d it can be
expected that cross polarization in the off-resonance case is faster than
under on-resonance irradiation. Numerical calculation at particular points

show that the the single quantum coherence grows in the same way as shown

in Figure 4 for the on-resonance case. However, the equilibrium value is

reduced by the factor sin(em) since the polarization is tilted out of the
xy plane. It can generally be concluded that under magic angle off-resonance
irradiation of the deuterium spins the cross polarization process is expected

to become faster, but the equilibrium transverse deuterium magnetization is

reduced relative to the value obtained bv on-resonance cross rolarization.

IV EXPERIMENTAL

All cross polarization experiments have been performed on a home built
spectrometer at_g’(proton)= 182 MHz._ The NMR probe was equipped with a

2m
Alla type sample spinner [22] with a double tuned single coil circuit

[23].

The sample rotation was monitored optically., Further the home made
pulse programmer was synchronized to the sample rotation in order to perform
cross polarization and detection of the cross polarized deuterium signal

synchronously to the sample rotation.
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Cross polarizatién experiments were performed in a standard way [1-3] by

spin locking of proton magnetization under simultaneous irradiation of the
deuterium. The cross contact time was always incremented in steps of full
spinner rotor cycles. In the on-resohance experiments, both deuterium and
pro;ons were irradiated near resonance, while in the off-~resonance experiments

W

deuterium was irradiated off-resonance such that atan = 54.7.

Wg=Wg

Detected were the peaks of the rotational echoes after the cross contact.
The detection of these echoes with the reference frequenéy far off-resonance
would magnify the effects of small spinning instabilities.. Thus in the off-
resonance expefiments the deuterium frequency had to be switched coherently

to on-resonance after the cross contact for detection.
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V. EXPERIMENTAL RESULTS

On resonance and magic angle off-resonance proton;deuterium cross
polarization experiments were performed on a sample of partially deuterated
p-dimethoxybenzene. Other samples also have been used [9] but
dimethyloxybenzene turned out to be most illustrative since it contains
rigid deuterium sites with large quadrupolar couplings w0=130kHz on the

Q

benzene ring and a mobile site on the methyl group with the partially

averaged w8=33.1 kHz. In Figure 5 the signal gain due to the different types -
of cross polarization is demonstrated. In 5a the spectrum obtained by a
regular deuteriﬁm 90° pulse experiment is shown.. In 6b on resonance cross

polarization was applied with w =34kHz.

1T “seff
Remarkable is that the measured signal enhancement relative to a
regular deuterium 90° flip experiment is larger than the theoretical value
(Table 1). This is due to the fact that during the application of a 90 pulse
the deuterium quadrupole coupling causes a decay of thé deuterium transverse
magnetization. - In a cross polarization experiment on the other hand alll
generated transverse magnetization is in phase over the entire polycrystalline
sample. In the off-resonance cross polarization the deuterium magnetization
is tilted out of the xy-plane causing.a reduced observed signal of 81.7%Z.

According to Figure 6 and Table 1 the methyl peak intensity indeed decreases

by moving from on-resonance to off-resonance cross polarization.

The aromatic peaks however become more intense in the off-resonance cross

polarization experiments (Fig.6). This indicates that the methyl deuterium whose
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0
Q

equilibrium polarization during the cross contact of about lémse€ in

quadrupole coupling constant w_ is smaller than We gg have reached the

(]

Q

Seff do not reach the equilibrium polarization in

all experiments (Figure 5), but the aromatic deuterium whose W is con-
siderably larger than w

the on~resonance experiment,

In Figure 6 the proton enhanced deuterium signal is measured as a
function of the cross contact time which was increased in steps of full
rotor cycles. The ﬁagnetization Mj(t) in Figure (6) refers to the peak
(j) in Figure (5). Figure 6a, 6b show qualitatively what we expect from
the theoretical model outlined in the previous chapter. Off-resonance
irradiation of the deﬁterium increases the cross polarization rate aﬁd
increase of the rf field strength maintaining magic»anglé off-resonance
irradiation further increases the transfer rate due to the quenching of
the modulation amplitude of the dguterium frequencies in the rotating frame
(see Figure 1).  Since however w8>>w8eff for the aromatic sites the polari-
zation of those is considerable slower than for the methyl group. Figure
6c also shows that on-resonance polarization is slower for the methyl deuterium
but yield a high equilibrium value tham magic angle off-resonance polarization.
It also demonstrates that the equilibrium magnetization does not change by

an increase of the effective Zeeman field strength if it is already

Seff
larger than wg. Figure 6a, 6b shows that the increase of Woogg from 36kilz
to 49 kHz cause only a small increase of the equilibrium polarization of the

aromatic sites in agreement with the curve in Figure 4,

The matching curves shown in Figure 2 indicate that the rigid deuterium

sites with large wg should have a considerable larger Hartmann-Hahn matching
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range i.e., the proton enhanced signal should be insensitive for large

mismatches , The experimental results in Figure 7 confirm these

Y10 Y%eff”
expectations. For on-resonance cross polarization the aromatic deuterium
(A) have a considerable broader matching range than the methyl deuterium.

Off-resonance irradiation asymmetrically narrows the matching curves on the

Seff Wiy’ This

agrees with the results on Figure 1, which shows that off-resonance irradiation

lower frequency side (ie., strong signal decrease for w
reduces the modulation amplitude asymmetrically.

CONCLUSTON

Proton-deuterium polarization transfer in the rotating frame works well
in a magic angle spinning polycrystalline solid. It probably works much
better than in a nonspinning solid [lS,lQi since there is é'wide spread of
matching conditions due to the large wg:

frequencies in such a way>that all nuclei match the HH condition eq. (3.25)

Spinning modulates the deuterium

at least once per sample rotation for w The experimental results

=W
1H ~Seff"
indicate that cross polarization under on resonance irradiation of the deuterium

transitions works well if the quadrupolar coupling constant iS‘émall enough

(Figure 5b). For large wg an excessive long contact time is required during

which the rf circuitry may overheat. Thus magic angle off-resonance cross
polarization offers an elegant alternative for spins with a large quadrupole

coupling constants even if the achievable rf field strength w,. is considerably

1S

smaller than wg.. It has also been demonstrated that already at moderate
level of wls most of the proton enhanced signal goes into deuterium single
quantum coherence (transverse magnetization). Thus an increase of

Wy g does only increase the transfer
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rate especially in the off-resonance case but does not increase much the
equilibrium yield of transferred polarization. The spectra of the partially
degterated p~ dimethoxybenzene show considerably narrower lines than spectra
of perdeuteratgd samples (Figure 8). This phenomenon was also encountered
with other partially deuterated compounds. Thisvis due to a reduction 6f the
hombﬁuclear dipolar deuterium interaction by dilution. Consequently, cross
polarization may be used as a tool to increase resolution in deuterium high
resolution spectra. Instead of perdeuterated compounds partially deuterated
compounds can be used applying cross polarization techniqués. In this way
the same sensitivity is obtained as in perdeuterated samples but with in-

creased resolution.

It can be concluded that proton deuterium cross polarization in the
rotating frame works well if the derived adiatatic condition eq. (2.19) is

not violated. This condition is easy to fulfill since the deuterium quad-

rupole coupling constant is limited to about 100 kHz and the spinning frequency

is not required to exceed few kilohertz if rotation synchroneous sampling is
applied, since the deuterium chemical shift spreéd is small even at very
high magnetic fields. We have shown that on resonance cross polarization
is most suitable for small quadrupolar coupling constants (motional averaged)

whilst the magic-angle off-resonance cross polarization is to be preferred

O

Q

when wg is very large (rigid deuterium positions, w, 130 kHz).
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Figure 2

Figure 3
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The two deuterium transition frequencies Wy, and Wy 4
are calculated for the time of one rotor cycle in a '
magic angle spinning solid under on and off resonance

rf irradiation and different quadrupole coupling

constants.
a) wg = 130 kHz, Wg .. = 34 kHz,'on‘resonance
b) wg = 130 kHz, Woogs = 34 kHz, magic angle off

resonance irradiation.

o}

¢) w, = 33,1 kHz, w = 34 kHz, on resonance

Seff

o O

d) w. = 33.1 kHz, w = 34 kHz magic angle off resonance

Seff

Po]

Plotted are the number of spins ‘that matche " the Hartmann-
Hahn conditions (eq. 3.25 a,b) at least once during one

spinner rotor cycle, under on resonance irradiation.

o _ - - '
a) wQ/Zn = 130 kHz, Wig 34 kHz.
Y . v )
b) wQ/Zﬂ = 33.1 kHz, Wyg 34 kHz.

The distinct tails of the curve lay in the region where
only one of the conditions 3.26 can be matched. The
deuterium rf field strength is constant and the proton

rf field amplitude varies.

The square of the coefficients in eq. 3.12b, which are
identical with the prefactors S:(ij)(t) in the spectral
density functions eq. 3.21 for slow rotation, are

numerically calculated for one rotor cycle.
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Figure 5
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a) On resonance irradiationm, W = 130 kHz,

Q

Wy = 34 kHz, B = 70.

1

b) Magic éngle off resonance irradiation
same parameters as in 3a.

¢) On resonance irradition

o—

Q

w 33.1 kHz, w = 34 kHz, B = 70.

Seff
d) 0ff resonance irradiation, same

parameters as in 3c.

The relative amount of single quantum‘coherence of the
total cross polarization deuterium signal is plotted
as a function of the deuterium rf field strength
assuming an isotropically distributed powder. For

- o
15 0.75 wQ

deuterium signal is single quantum coherence (transverse

w already 937 of the proton enhanced

magnetization).

The signal gain due to proton deuterium cross polarization
is shoﬁn with a sample of part deuterated dimethoxybenzene.
In all four experiments the rotation frequency Vrv= 1070 Hz.
Sample weight: ZQO mgr, cross contact time 16 T.»

number of scans per experiment: 10.

a) This spectrum is obtained by detecting.the deuterium

FID generated by a 90° rf pulse.



Figure 6

Figure 7
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b) On resonance cross polarization Wyg = 34 kHz = Wips
c) Off-resonance cross polarization w = 34 kHz = W, .
Seff 11
Ter = 16Tr.
d) Off resonance corss polarization W = 49 kHz = w
Seff 11
T = 16T_.
cr T

The deuterium signal gain is recorded as a function of

the cross contact time t = n Tr.

A: magic angle off-resonance cross polarizationm, Wo eg = 49 kHz =
wlI .

O: magic angle off-resonance cross polarization,
Wgoef T 34 kHz = Wy

O: on resonance cross polarization, wSeff = W,, = W,. = 34 kHz.

18 1I

6a) for the aromatic peak one (see Figure 52).

6b) for the aromatic peak two.

6c) for the methyl-peak three.

Number of accumulations per point: 10

Relaxation delay between to experiments: 50 sec.,spinning

frequency = 1070 Hz.

Y

The proton~deuterium cross polarized signal has been
measured for a series of different proton rf field
strengths keeping constant the deuterium effective

Zeeman field strength W pee
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©O: magic angle off-resonance polarization Wg s = ((wg—ws 2
' w
+ wlSZ)l/z = 34 kHz, atan ——;lg—— = vY2.
w, W
S~
A; ) = = .
on resonance cross polarization Wgops = Yig 34 kHz
7a The average of the two aromatic peaks (Figure 5a, peak 1 and 2).
7b Methyl peak (Figure S5a, peak 3) cross contact time Tar = 16 T, -
Figure 8 The resolution enhancement by cross polarization is
-demonstrated.
8a Magic angle spinning high resclution deuterium spectrum

of part, deuterated p-dimethoxybenzene; ‘signal obtain-
ed by proton deuterium cross polarization.

8b High resolution spectrum of perdeuterated p-dimethoxybenzene.
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Experimental:

G o

TkHz] [kHz]
34 0
34 19.63
49 28.9

Theoretical: (eq. (3.27))

SCP/S° (on resonance)‘= 2.34

SCP/S° (off-resonance) = 1.91
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TABLE 1

Peak 1

cp

1.82

2.52

s /s°

.Peak 2

CcP

1.76

'2.29

2.57

Peak 3

SCP/S°

3.03

2.72

2.75
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